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Abstract

The Solute Carriers (SLCs) are membrane proteins that regulate transport of many types of substances over the cell
membrane. The SLCs are found in at least 46 gene families in the human genome. Here, we performed the first
evolutionary analysis of the entire SLC family based on whole genome sequences. We systematically mined and analyzed
the genomes of 17 species to identify SLC genes. In all, we identified 4,813 SLC sequences in these genomes, and we
delineated the evolutionary history of each of the subgroups. Moreover, we also identified ten new human sequences not
previously classified as SLCs, which most likely belong to the SLC family. We found that 43 of the 46 SLC families found in
Homo sapiens were also found in Caenorhabditis elegans, whereas 42 of them were also found in insects. Mammals have
a higher number of SLC genes in most families, perhaps reflecting important roles for these in central nervous system
functions. This study provides a systematic analysis of the evolutionary history of the SLC families in Eukaryotes showing
that the SLC superfamily is ancient with multiple branches that were present before early divergence of Bilateria. The
results provide foundation for overall classification of SLC genes and are valuable for annotation and prediction of
substrates for the many SLCs that have not been tested in experimental transport assays.
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Introduction
Genes coding for membrane proteins constitute approxi-
mately 27% of all human genes (Lander et al. 2001; Almen
et al. 2009). The largest family of phylogenetically related
membrane proteins are the G protein–coupled receptors
with about 800 genes in the human genome coding for pro-
teins from this family (Fredriksson et al. 2003). The solute
carriers (SLCs) are the second largest family of membrane
proteins with at least 384 proteins in human (Fredriksson,
Hagglunde, et al. 2008). The SLCs mediate the flow of var-
ious substances such as sugars, amino acids, nucleotides,
inorganic ions, and drugs over the cell membrane. The
SLC families include genes that encode passive transport-
ers, ion transporters, and exchangers. The different SLC
families are functionally related in that they all, with
a few exceptions, rely on an ion gradient over the cell mem-
brane as the driving force for transportation. The SLC fam-
ily does not, however, include the primary active
transporters, such as ABC transporters, nor ion channels
or aquaporins. There are currently 46 distinct families of
SLCs recognized in humans (Fredriksson, Nordstrom,
et al. 2008). Some of these are known to be phylogenetically
linked into larger clusters such as SLC32, SLC36, and SLC38
(Sundberg et al. 2008). The HUGO Gene Nomenclature
Committee (HGNC) (http://www.genenames.org) provides
a list of transporter families of the SLC gene series. In this,

a transporter is assigned to a given SLC family if it has at
least 20–25% amino acid sequence identity to another
member of the family (Hediger et al. 2004) but not by strict
phylogenetic criteria.

One method of classifying the entire proteome of an or-
ganism is provided by the Protein family (Pfam) database
(http://pfam.sanger.ac.uk). Pfam is a comprehensive collec-
tion of protein domains and protein families based on the
concept of clans. A clan is a compilation of Pfam entries
that are judged likely to be homologous. Clans are built
manually based on a wide array of information including
literature, known structures, and different databases. The
Pfam-domain thresholds are curated in a conservative
manner to ensure high specificity at the expense of some
sensitivity. In the Pfam release version 22.0, there are 283
clans, containing 1,808 of the 9,318 Pfam families. This
shows that many families in the Pfam classification are re-
lated, although many of the families have yet to be assigned
to clans. The clan classification is expected to grow further
because many automatically detected relationships still
need to be manually verified (Finn et al. 2007). The SLC
families populate three clans. The major facilitator super-
family (MFS) clan holds SLCs and other groups of mem-
brane proteins. The MFS clan is one of largest clans of
membrane transporters found in humans (Venter et al.
2001). The clan has diverse functions and it includes
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members that can function by solute uniport, solute/cat-
ion symport, solute/cation antiport, and/or solute/solute
antiport with inwardly and/or outwardly directed polarity
and are known to transport a large variety of different sub-
strates (Pao et al. 1998). The second clan containing SLCs is
the amino acid-–polyamine-–organocation (APC) super-
family that is known to primarily transport amino acids.
Jack et al. (2000) suggested that the relatively high degree
of sequence similarity among the proteins within the APC
superfamily could not have arisen either by chance or by
evolutionary sequence convergence and that the APC pro-
teins are most likely homologous and thus constitute a sin-
gle superfamily. Moreover, the monovalent cation:proton
antiporter (CPA)/anion transporter (AT) clan contains
transporter proteins from the SLC family. These belong
to the CPA superfamily and the AT superfamily. Although
their presence is established, the overall evolutionary his-
tory of these clans and their relationship with other SLC
families has not been investigated in detail. Genomic se-
quence information from a large number of species is cur-
rently available, although the quality of the genomes varies
greatly. The availability of genome information from differ-
ent evolutionary lineages provides a unique opportunity
for evolutionary studies of large gene families like the SLCs.

In this paper, we systematically mined the genomes of 17
species aiming to identify most of the SLC genes in these
genomes that have resemblance to the human SLCs. The
results were analyzed using Hmmpfam of the HMMER 2.3.2
package. This provided the first systematic analysis of the
evolutionary history of the human SLC families in Eukar-
yotes. In all, we identified 4,813 sequences and we delin-
eated the evolutionary history of each of the subgroups.

Materials and Methods

Description of the Original Data Sets
The ‘‘pep all’’ and ‘‘ab initio’’ data sets for Homo sapiens
(Lander et al. 2001; Venter et al. 2001), Mus musculus
(Waterston et al. 2002), Drosophila melanogaster (Adams
et al. 2000), Anopheles gambiae (Holt et al. 2002), Caeno-
rhabditis elegans (1998; Gupta and Sternberg 2003), and
Saccharomyces cerevisiae (Goffeau et al. 1996) were down-
loaded from the ensemble ftp site (ftp://ftp.ensembl.org/)
(Flicek et al. 2007). The best (filtered) models for Laccaria
bicolor (Martin et al. 2008), Monosiga brevicollis (King et al.
2008), Ostreococcus tauri (Palenik et al. 2007), Trichoplax
adhaerens (Srivastava et al. 2008), and Nematostella vecten-
sis (Putnam et al. 2007) were downloaded from the Joint
Genome Institute (http://www.jgi.doe.gov/). In addition,
the protein data sets for Schizosaccharomyces pombe
(Wood et al. 2002) and Arabidopsis thaliana (2000) were
downloaded from Sanger (ftp://ftp.sanger.ac.uk/) and the
Arabidopsis Information Resource ftp site (ftp://ftp.arabi-
dopsis.org/), respectively. Protein data set for Cyanidioschy-
zon merolae (Nozaki et al. 2007) was downloaded from
http://merolae.biol.s.u-tokyo.ac.jp/, for Dictyostelium dis-
coideum (Eichinger et al. 2005) from http://www.sanger.
ac.uk/Projects/D_discoideum/, for Paramecium tetraurelia

(Arnaiz et al. 2007) from http://paramecium.cgm.cnrs-
gif.fr/, and for Trypanozoma cruzi (El-Sayed et al. 2005)
from http://tritrypdb.org/tritrypdb/. Unmasked genomic
DNA sequences were downloaded from the same resources
as the protein data sets.

Construction of Hidden Markov Models
The sequences for all known human SLC proteins were
downloaded from the NCBI (http://www.ncbi.nlm.nih.
gov/) database, using the Entrez data retrieval tool based
on the accession numbers obtained from the SLC database
(http://www.bioparadigms.org/slc/menu.asp). This re-
sulted in a data set with 321 sequences, grouped into 46
families. The sequences from each family were aligned using
ClustalW 1.83 (Thompson et al. 1994) using default set-
tings. From the alignments, sequence hidden Markov mod-
els (HMMs) were constructed using the HMMER 2.3.2
package (Eddy 1998). The models were constructed using
HMMbuild with default settings and calibrated using
HMMcalibrate.

Constructing a Reference Database
A reference database was constructed from the RefSeq data
set version 35 (May 2005 release) (ftp://ftp.ncbi.nih.gov/re-
fseq/H_sapiens/) by identifying all SLC proteins in the RefSeq
database with BlastP (The Standalone BLAST 2.2.14 package)
searches using the 384 SLC sequences previously presented
(Fredriksson, Nordstrom, et al. 2008). The FASTA names of
all identified SLCs were modified with a tag (_SLC_) to allow
for reliable and easy identification. This modified RefSeq data
file contained 29,061 protein sequences.

Identification of SLC Sequences
SLCs were identified in the protein data sets from the 17
species included in the study using HMMsearch from
HMMER 2.3.2 (Eddy 1998) with a cutoff at E 5 10. All hits
were searched against our reference data set to remove
non-SLC sequences and for each species, the top five hits
were manually inspected and had to match either criteria A
or B below or otherwise they were excluded from further
analysis. Criteria A: a minimum of four of five top hits had
to be an SLC for inclusion in the particular data set. Criteria
B: If an SLC family had fewer than five members, it was
enough that all the family members were listed among
the top five hits. All protein sequences obtained from
the previous step were aligned to the corresponding ge-
nome sequence using BLAT 32x1 (Kent 2002), and all pro-
tein sequences with their best alignment at the same
position in the genome were considered duplicates and on-
ly the longest protein sequence was kept.

Subdivision of SLCs
We searched the remaining proteins in each of our 17 an-
alyzed species against our reference data set with BlastP
with an E value of 1e–3. For each protein, the top five hits
were manually inspected, and a minimum of four of these
had to be from a given SLC family (or if a family had fewer
than four members, all members had to be represented
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among the top five hits, see criteria A or B above) to be
classified as a member of that family. Proteins with a signif-
icant hit in the HMM searches (see above, ‘‘Identification of
SLC Sequences’’), but not matching these criteria were
called unclassified SLCs. Proteins that only had hits above
the 1e–3 threshold were excluded from further analysis.
The unclassified group was further analyzed with blastclust
(The Standalone BLAST 2.2.14 package) to identify novel
groups. All sequences can be found in supplementary
data 1, Supplementary Material online. This is a FASTA file
where each sequence name is preceded by a tag indicating
the species for that sequence with hs for H. sapiens, mm for
M musculus, and the equivalent for all other species.

Validation of our Predicted SLC Gene Analysis
Model
We compared the number of SLC sequences from different
SLC families from our previous H. sapiens data (Fredriksson,
Nordstrom, et al. 2008) and the HGNC online database
(http://www.genenames.org) with the results of our anal-
ysis model. The results of our M. musculus genome analysis
were compared with the MGI database (Mouse Genome In-
formatics, http://www.informatics.jax.org/). The results of
the comparisons can be found in supplementary table 1,
Supplementary Material online.

Pfam Analysis of SLC
The Pfam database is a comprehensive collection of protein
domains and families. We downloaded the Pfam MySQL
database (ftp://ftp.sanger.ac.uk/pub/databases/Pfam/data-
base_files/) and built it locally using default values. The SLC
proteins in our reference database were searched against
the database with Hmmpfam of the HMMER 2.3.2 package
using a script (http://www.sanger.ac.uk/Users/sgj/code/
pfam/scripts/search/pfam_scan.pl) with default values,
with the exception of not using the less- sensitive BLAST
preprocessing option. The result was analyzed using the
Pfam-A family, which is a family of curated set of families
based on profile HMMs and clans (Finn et al. 2007). More
information on clans and Pfam-A were obtained from
http://pfam.sanger.ac.uk/.

Cluster Analysis
All unclassified proteins were collected and processed with
blastclust of the BLAST package with default settings. Ad-
ditional analyses with blastclust of the unclassified proteins
together with the NCBI RefSeq and our own SLC database
were also performed.

Results
The SLC proteins in our reference database were searched
with Hmmpfam of the HMMER 2.3.2 package and the re-
sulting sequences can be found in supplementary data 1,
Supplementary Material online. The Pfam analysis of our
reference protein data set reveals that 26 of the 46 human
SLC families belong to eight different Pfam clans, where
a Pfam clan is a collection of related Pfam families (Finn

et al. 2006, 2007). The other 20 SLC families belong to Pfam
families that do not belong to any clan. Among these, there
is in general only one SLC family associated to each Pfam
family. The only exception is that the SLC8 and SLC24 fam-
ilies both belong to the Pfam Sodium/calcium exchanger
protein (Na_Ca_Ex) family (table 1). Three clans, the
APC superfamily, the CPA/AT superfamily, and the MFS,
contained more than one established SLC family (see figs.
2–4). In the figures, the rectangles indicate the clans and
the ellipses indicate the Pfam families. Shaded ellipses in-
dicate Pfam families with proteins present in human and
white ellipses families without human members. Presence
of SLCs within a Pfam family is indicated with a dark gray
ellipse.

We identified, annotated, and analyzed proteins from 17
eukaryotic species with our HMM, Blast, and BLAT ap-
proach, see Materials and Methods for details of species
selection, and supplementary fig. 1, Supplementary Mate-
rial online, for an overview of the methodology. A sche-
matic description of the evolutionary interrelationship
between these species can be seen in figure 4. In figure
5, we present the results of this analysis where we show
that two of the SLC families (SLC25 and SLC30) were found
in all species. Four families were found in all species except
one (SLC26, SLC36, SLC35, and SLC39) and six families were
found in 15 of the 17 species investigated (SLC32, SLC38,
SLC22, SLC24, SLC11, and SLC33). The families found in
most species can be considered ancestral and the species
that are missing members are likely to have undergone lin-
eage- or species-specific reductions. In figure 5, we also de-
note how each of these groups are connected to specific
SLC families (see Fredriksson, Nordstrom, et al. 2008) and
pfam clans (Finn et al. 2006, 2007). We found that repre-
sentatives from two (a and b) of the four major phyloge-
netic groups are present in all lineages and were thus most
likely present in the early eukaryotic ancestor. Also, mem-
bers from the d group, which codes for Naþ/Ca2þ
exchangers, were present in all species except D. discoideum
and T. cruzi. The lack of members from this group in D.
discoideum is most likely due to a specific loss in this species
as these are present in all Opisthokonta as well as in Arch-
aeplastida and Chromalveolata. The lack of representatives
from the d group in T. cruzi is possibly a result of reductions
in T. cruzi because the d group is found in all the other main
lineages. The fact that T. cruzi is a parasite could explain
why these, and possibly also many other genes found in
other eukaryotes, lack orthologous genes in this species.
This also compliments the notion that T. cruzi has a re-
duced genome, first estimated to have about 12,500 genes
(El-Sayed et al. 2005), with current assembly predictions
around 10,500 genes.

Our HMM models performed well when validated
against the HGNC database and against our in-house
SLC data set. Our method yielded 400 human genes com-
pared with the HGNC data set (360) and our previous anal-
ysis (384, Fredriksson, Nordstrom, et al. 2008), see
supplementary table 1, Supplementary Material online,
for details. We used both sequence data sets based on
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experimental data and sequence data sets based solely on
computer predictions. The method also found genes not
previously identified, which were similar to SLCs. Our initial
analysis with HMM searches and the high E value of 10
yields very high sensitivity. Due to the use of different data
sets, our initial analysis gives us a high number of false pos-
itives, very few false negatives, and many duplicate entries
of the same genes. We removed the false positives using
a semiautomatic approach with Blast and kept the proteins
matching our criteria. Next, we used BLAT, an in-house Java
program, and manual inspection to remove all duplicates.
This resulted in the identification of ten new human genes
and four new mouse genes, not previously annotated as
SLCs.

We obtained information on the hierarchical grouping
of Pfam families into clans from the Pfam database (http://
www.pfam.org/). Furthermore, we added information from
our analysis regarding the Pfam family to which each of the
SLC families belonged. In figure 1, we present the largest of
the Pfam clans containing SLC families, the MFS. A sub-
branch of MFS, denoted as MFS_1 in the Pfam system,
is equivalent to the a family of SLCs (Fredriksson,
Nordstrom, et al. 2008). In addition to the SLC a family,
MFS contained four main subbranches (as defined in
the Pfam database), one of which has human genes anno-
tated as SLCs. Moreover, three other families from one sub-
branch contained human proteins, although these are
currently not annotated as SLCs. The proteins in the
MFS clan are the largest cluster of phylogenetically related
SLCs so far described. Of the 13 SLC families, SLC2 (facil-
itated hexose and polyol transporters) and SLC22 (organic
cation, zwitterions/cation, and organic AT) are present in
all (SLC2) or most (SLC22) eukaryotic genomes investi-
gated. SLC18 (vesicular amine transporter family), SLC19
(folate/thiamine transporter family), SLC21/OATP/SLC0
(organic AT), SLC29 (nucleoside transporter family), and
SLC46 (heme transporter) are mainly present in animals,
with SLC46 present only in Bilateria. Some of the a mem-
bers, the SLC15 (proton oligopeptide cotransporter), SLC16
(transport a variety of substrates), SLC17 (organic AT), and
SLC37 (sugar-phosphate/phosphate exchanger) are preva-
lent also outside the Bilaterian phyla. SLC43 (large neutral
amino acids transporter) is only found in low numbers in
each species but in many eukaryotic lineages.

Within the APC superfamily (see fig. 2), we identified
nine known SLC families, making the APC superfamily
the second largest cluster of human SLCs. In total, the
APC superfamily contains 14 Pfam families grouped into
four clusters. The SLC32, SLC36, and SLC38 have previously
been annotated as the b family of SLCs (Fredriksson,
Nordstrom, et al. 2008) and these constitute one of the
clusters in the APC superfamily. Of the 14 Pfam families,
6 contain human SLCs, while the other 8 families did
not contain any human members. Of the known human
SLCs found in the APC superfamily, SLC4 (sodium bicar-
bonate and AT family), SLC12 (cation-coupled Cl� co-
transport family), SLC23 (sodium-dependent ascorbic
acid transporter), SLC26 (anion exchanger family), SLC32

Table 1. Data Table Generated by Searching the Proteins in our
Human Reference Database with Hmmpfam of the HMMER 2.3.2
Package. The Columns of the Table List the Pfam Clan, the Pfam
Accession Number, and the SLC Families Belonging to Each clan.

Pfam Clan
of Family

Pfam Clan
Accession
Number

Pfam
Family

Accession
Number

SLC
Families

APC
superfamily

CL0062 SLC4, 5, 7, 12, 23,
26, 32, 36, 38

CPA/AT
transporter
superfamily;
Ion channel
(VIC)
superfamily

CL0064; CL0030 SLC9, 10

Drug/
metabolite
transporter
superfamily;
EF-hand like
superfamily

CL0184; CL0220 SLC35

Ion
transporter
superfamily

CL0182 SLC13

MFS CL0015 SLC2, 15, 16, 17,
18, 19, 21, 22,
29, 33, 37, 43, 45, 46

Tim barrel
glycosyl
hydrolase
superfamily

CL0058 SLC3

SDF
superfamily

No clan PF00375 SLC1

SNF
superfamily

No clan PF00209 SLC6

Na_Ca_Ex
superfamily

No clan PF01699 SLC8, SLC24

Nramp
superfamily

No clan PF01566 SLC11

UT
superfamily

No clan PF03253 SLC14

PHO4
superfamily

No clan PF01384 SLC20

Mito_carr
superfamily

No clan PF00153 SLC25

LuxE
superfamily

No clan PF04443 SLC27

Nucleos_tra2_C
superfamily

No clan PF07662 SLC28

Cation_efflux
superfamily

No clan PF01545 SLC30

Ctr
superfamily

No clan PF04145 SLC31

Na_Pi_cotrans
superfamily

No clan PF02690 SLC34

Zip
superfamily

No clan PF02535 SLC39

FPN1
superfamily

No clan PF06963 SLC40

MgtE
superfamily

No clan PF01769 SLC41

Ammonium_transp
superfamily

No clan PF00909 SLC42

DUF580
superfamily

No clan PF04515 SLC44
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(synaptic uptake and release of inhibitory amino acids),
SLC36 (proton-coupled amino acid transporter), and
SLC38 (sodium-coupled neutral amino acid transporter)

were present in all Bilaterian species investigated here as
well as in N. vectensis and T. adhaerens (see fig. 5). These
are probably the b family members found in most animals;
losses of these in animal species are most likely the result of
reductions. SLC7 (the cation and heterodimeric amino acid
transporter) and SLC5 (sodium glucose cotransporter family)

FIG. 1. Presentation of the SLC representation in the MFS clan. The
squared boxes indicate the clans, the ellipses indicate a Pfam family,
and the gray ellipses indicate the presence of a certain SLC family.
The MFS with 20 Pfam families; sugar (and other) transporter
(Sugar_tr) family, proton-dependent oligopeptide transport), pro-
ton-dependent oligopeptide transport (PTR2) family, MFS_1
family, reduced folate carrier (Folate_carrier) family, organic anion
transporter polypeptide (OATP) family, nucleoside transporter
(Nucleoside_tran), biopterin transport 1 (BT1) family, CLN3 gene
(CLN3) family, domain of unknown function 1228 (DUF1228)
family, domain of unknown function 1602 (DUF1602) family,
domain of unknown function 475 (DUF475) family, domain of
unknown function 791 (DUF791) family, domain of unknown
function 894 (DUF894) family, domain of unknown function
(DUF895) family, LacY proton/sugar symporter (LacY_symp) family,
Mycoplasma MFS transporter (MFS_Mycoplasma) family, nodulin-
like (nodulin-like) family, nucleoside Hþ symporter (Nuc_H_symport)
family, PUCC protein (PUCC) family, and the fungal trichothecene
efflux pump (TRI12) family.

FIG. 2. Presentation of the SLC representation in the APC
superfamily. The squared boxes indicate the clans, the ellipses
indicate a Pfam Family, and the gray ellipses indicate the presence
of a certain SLC family. The amino acid–polyamine–organoCation
(APC) superfamily with 14 Pfam families; HCO3-transporter
(HCO3_cotransp) family, sodium:solute symporter (SSF) family,
amino acid permease (AA_Permease) family, permease (Xan_ur_
permease) family, the sulfate transporter (Sulfate_transp) family,
the transmembrane amino acid transporter protein (Aa_transp)
family, benzoate membrane transport protein (BenE) family,
branched-chain amino acid transport protein (Branch_AA_trans)
family, cobalt transport protein (CbiQ) family, domains of unknown
function 1468 (DUF1468) family, sodium:alanine symporter (Na_
Ala_symp) family, spore germination protein (Spore_permease)
family, permease for cytosine/purines, uracil, thiamine, allantoin
(Transp_cyt_pur) family, and Tryptophan/tyrosine permease
(Trp_tyr_perm) family.
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are mainly found in Bilateria species, although SLC7 is found
in A. thaliana as well as in the unicellular yeast species, sug-
gesting that this family could have been present before ani-
mals and that it was lost in several species in this study.

The CPA and the AT families constitute the CPA/AT su-
perfamily (fig. 3). This clan contains in total, ten families
of which two have proteins annotated as SLCs. The NA_
H_Exchanger and SBF family contain proteins from the
SLC9 and SLC10 families, respectively. These two families
have previously been grouped into the c family (Fredriksson
et al. 2008). Evolutionary, SLC9 (Naþ/Hþ exchanger) and
SLC10 (sodium-dependent bile acid cotransporter) were
present in all Bilateria species and in A. thaliana, whereas
they were found only in a few other species investigated
(fig. 5). In addition, one more of the families in the CPA/
AT superfamily, the Mem_trans family, contained human
members, although these have not been annotated as SLCs.

The d family is the smallest cluster of known SLC fam-
ilies, containing proteins from the SLC8 and SLC24 families
(Fredriksson, Nordstrom, et al. 2008). In the Pfam nomen-
clature, they both belong to the Na_Ca_Ex family, which is
not a member of any Pfam clan. SLC8 (Naþ/Ca2þ) existed
in Bilateria and Viridiplantae but neither in Archaea nor in
Eubacteria, whereas SLC24 (Naþ/Ca2þ-Kþ exchanger)
was present in Eubacteria and Archaea as well as in most
Eukaryotic species analyzed (fig. 5). The sodium/calcium
exchanger family contained the SLC8 and SLC24 family,
but no other human families or nonclassified sequences.

Of the SLC families not belonging to any larger phylo-
genetic clusters (fig. 5), SLC13 (dicarboxylate and sulfate
transporter), SLC25 (mitochondrial transporter), SLC11
(Hþ-coupled metal ion transporters), SLC30 (zinc trans-
porter), SLC35 (nucleoside-sugar transporter), SLC39
(metal- ion transporters) were present in Eubacteria and
Archaea as well as most Eukaryotic species we analyzed,
where SLC13 seems to have undergone a few more losses
than the other families. It is likely therefore that these fam-
ilies were present in the last common ancestor of these
three lineages. SLC1 (neutral amino acid transporter),
SLC6 (neurotransmitter transporter), SLC27 (fatty acid
transporter), and SLC28 (nucleoside transporter family)
were present predominantly in Bilateria and SLC41
(Mg2þ transporter) and were found in most animal species.
SLC6 has earlier been shown to be present in Bilateria, but
not in Viridiplantae or Ascomycota (Hoglund et al. 2005).
Also the other SLC families, SLC3 (heteromeric amino acid
transporters), SLC40 (ion transporter), SLC42 (Rhesus am-
monium transporter), SLC44 (choline transporter), SLC20
(sodium-phosphate cotransporter), SLC14 (urea transport-
ers), SLC31 (copper transporter), and SLC34 (phosphate
cotransporter) were found in Bilateria, although one or
a few sequences from these families were found in one
or a few or several genomes outside Bilateria. These families,
which are found in a more scattered pattern in the species
in this study, could be a result of misclassification in our
method. This could be due to new families that have ap-
peared in specific lineages evolving over time to differ sig-
nificantly from their parent family. As our classification
method is based on the human SLC families and these lack
orthologous families in humans, they would be classified to
the most similar human SLC family. In addition, these pat-
terns could be the result of multiple local losses or parallel
evolutionary events with multiple local gains. Another ex-
planation is that these patterns could be due to horizontal
transfers. This explanation is more likely for some species,
like T. cruzi, because horizontal transfers are more common
in protists, whereas very rare in multicellular organisms. It is
likely that some of these families are more recent and their
presence in nonanimal species could be due to secondary
events. It is also possible that our selection of genomes had
some impact on the identification of missing families. This
is especially pronounced with lineages represented by only
one species, such as the Amoebozoa, which are represented
by D. discoideum. Therefore, data regarding missing families
in these species should be interpreted with some caution,
especially with SLC families that have few members, as one or
few independent gene losses would erase an entire family.

The SLCs not placed into any of the 46 known SLC fam-
ilies according to our criteria were placed in a category des-
ignated unclassified (fig. 5). Some of the genomes we have
investigated (D. discoideum, L. bicolor, M. brevicollis, N. vec-
tensis, O. tauri, P. tetraurelia, T. cruziesmaraldo, and T. ad-
haerens) are in a relatively early stage of assembly and the
gene prediction pipelines are not tailored for these ge-
nomes. The gene models from these species can there-
fore be considered highly preliminary. This could be one

FIG. 3. Presentation of the SLC representation in the CPA/AT
superfamily. The squared boxes indicate the clans, the ellipses
indicate a Pfam Family, and the gray ellipses indicate the presence
of a certain SLC family. The CPA/AT (CPA superfamily and AT
superfamily) transporter superfamily with ten Pfam families;
sodium/hydrogen exchanger (Na_H_Exchanger) family, the sodium
bile acid symporter (SBF) family, predicted permease membrane
region (Asp-Al_Ex) family, Cons_hypoth698 (Cons_hypoth698)
family, domain of unknown function 819 (DUF819) family, do-
main of unknown function 897 (DUF897), sodium/glutamate
symporter (Glt_symporter) family, membrane transport protein
(Mem_trans), Naþ/Hþ antiporter 1 (Na_H_antiport_1) family,
and the Naþ-transporting methylmalonyl-CoA/oxaloacetate de-
carboxylase, beta subunit (OAD_beta) family.
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underlying factor for a higher relative number of unclassifi-
able proteins from these genomes. It is known from the
progression of the annotation of mammalian genomes that
the number of predicted proteins with low similarity to
other sequences (i.e., unclassifiable) decreases as the gene
prediction pipelines are refined (Collins et al. 2003). It is
therefore likely that the number of proteins in these classes
will be reduced with time.

We investigated eight of the more mature genomes in
our study further regarding the unclassified sequences. We
found 43 unclassified SLCs in H. sapiens, 36 in M. musculus,
39 in D. melanogaster, 30 in A. gambiae, 31 in C. elegans, 30
in S. pombe, 35 in S. cerevisiae, and 67 in A. thaliana. Al-
though the unclassified SLCs could not be placed into
any of the known SLC families using our criteria, some
could still be placed into the Pfam clans. Of these, 59 belong
to the APC superfamily, 76 to CPA/AT, 6 to IT (ion trans-
porter) superfamily, 150 to MFS, whereas 73 did not belong
to a clan. We analyzed these 364 nonclassified SLCs further
using blastclust to identify possible novel groupings and
found 2 clusters with three proteins and 18 clusters with
two. Of these clusters, 13 consisted of mouse and human
proteins, 6 consisted solely of A. thaliana proteins and 1 of
solely S. cerevisiae proteins. About 322 unclassified SLCs did
not cluster and our hypothesis is that these are rapidly
evolving SLCs, as neither orthologous nor paralogous genes
could be identified.

Discussion
We provide the first evolutionary study of all 46 known
human SLC families from a range of fully sequenced ge-
nomes. We investigated 17 eukaryotic species, covering
four basal eukaryotic branches (fig. 4), and found that
a large number of the SLC families in H. sapiens are highly
evolutionary conserved in Bilaterian species (fig. 5). We
found that 43 of the 46 (93%) of the human SLC families
are also found in C. elegans, whereas 42 of the 46 human
families were also found in insects. All SLC families except
SLC14, SLC34, SLC40, SLC43, and SLC45 are present in all
Bilaterian species investigated and we observe that most
families are also present in N. vectensis. In contrast, we
see a marked reduction in the family representation in
the other species. There are three SLC families that are no-
table as represented in all eukaryotes in the study, the mi-
tochondrial transporters (SLC25), the nucleotide-sugar
transporters (SLC35), and the sugar transporters (SLC2)
families. In addition, it appears that all species have mem-
bers from at least one of the three closely related amino
acid transporters from the SLC32, SLC36, and SLC38 fam-
ilies. We have previously shown that these families are
closely related and we suggested that they have a common
evolutionary origin (Sundberg et al. 2008). It is possible that
members of these families, in species distantly related to
humans, have proteins representing unique evolutionary

FIG. 4. Schematic phylogenetic tree showing the relationship of the species in our analysis. The figure is constructed using the NCBI taxonomy
browser (http://www.ncbi.nlm.nih.gov/Taxonomy); data and references from the tree of life Web project (http://tolweb.org/tree/
phylogeny.html) and from Hampl et al. (2009). The rectangular-shaped boxes show that the evolutionary lineages and species are denoted
at the leaves. Branch lengths are not drawn to represent actual evolutionary distances.
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branches of a common ancestor, which are classified arbi-
trarily into SLC32, SLC36, or SLC38. These three families
should perhaps be considered one family in evolutionary
terms. It is tempting to speculate that all eukaryotes
(and possibly the eukaryotic ancestor) have these transport
functions, whereas the other SLC functions are more recent
amalgamations.

SLCs were originally defined as ATP-independent
transporters and this superfamily includes ion-coupled
transporters, exchangers, and passive transporters. How-
ever, the degree of structural and primary sequence sim-
ilarity between different SLC families varies greatly. The

current practice has been that new sequences are as-
signed to a SLC family if they have a sequence identity
more than 20–25% to any other family of SLCs (Hediger
et al. 2004). However, it is important to note that many
of the 46 SLC families lack any significant sequence iden-
tity to some other SLC families, which means that they
cannot be aligned in pairwise alignments. This differen-
tiates the SLC family from other large super families of
membrane proteins such as voltage-gated ion channels
(Yu and Catterall 2004), G protein–coupled receptors
(Fredriksson et al. 2003), and tyrosine kinase receptors
(Manning et al. 2002), which have a clearer relationship

FIG. 5. Tabulated representation of the number of SLCs in each of the 46 families for 17 species; Homo sapiens, Mus musculus, Drosophila
melanogaster, Anopheles gambiae, Caenorhabditis elegans, Nematostella vectensis, Trichoplax adhaerens, Dictyostelium discoideum, Monosiga
brevicollis, Trypanozoma cruzi, Laccaria bicolour, Schizosaccharomyces pombe, Saccharomyces cerevisiae, Paramecium tetraurelia,
Cyanidioschyzon merolae, Ostreococcus tauri, and Arabidopsis thaliana. The main SLC groups a–d (Fredriksson et al. 2008b), as well as
Pfam (Finn et al. 2007) clans not included in this classification, is noted in the left margin of the figure.
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at the primary sequence level. We have previously shown
using phylogenetic analysis based on multiple sequence
alignments, that 15 of the SLC families found in humans
could be grouped into four main clusters (Fredriksson,
Nordstrom, et al. 2008). In the current study, we used
sequence HMMs, which in general has a higher sensitiv-
ity than multiple alignment-based methods (Madera and
Gough 2002). We extend this grouping here, showing
that, as many as 26 of the human SLC families belong
to the four major groups (see fig. 1–3), termed a, b, c,
and d groups. The largest of these is the a group. We
have previously shown that seven SLC families, namely
SLC2, SLC16, SLC17, SLC18, and SLC22 (including the re-
lated family SVOP), SLC37, and SLC46 could be phyloge-
netically placed into the a group (Fredriksson, Hagglund,
et al. 2008). Here, we extend this group to also include
additional six families, SLC15, SLC19, SLC21, SLC29,
SLC43, and SLC45, resulting in a cluster of 13 human
SLC families. Pfam has a large supergroup called MFS (Sa-
ier et al. 1999; Lemieux 2007; Law et al. 2008). This system
includes a high number of groups that have not been
classified as SLCs and many of these groups are not
found in humans. Here, we have put the recognized
SLC families into the perspective of the large Pfam
MFS superfamily system of membrane-bound proteins
mentioned in the introduction (fig. 1). The MFS system
currently contains 20 families as illustrated in figure 1.
The a group of SLCs (Fredriksson, Nordstrom, et al.
2008) forms a separate cluster within the MFS system
and these genes are all members of the MFS_1 family,
although the MFS_1 family also contains other sequen-
ces. Within the a group, we see that SLC22, SLC37, and
SLC45 are well represented in A. thaliana, suggesting that
these families have ancient origin. Interestingly, the a
group families have very diverse substrates as the
SLC22 transport a wide range of organic cations (includ-
ing sugar), SLC37 and possibly SLC45 also transports sug-
ars, SLC17 and SLC18 are vesicular neurotransmitter
transporters, SLC16 and SLC43 transports amino acids,
and SLC46 is a family of heme transporters. Some pro-
teins from these families have been characterized in dis-
tant eukaryotes. For example, the ZFS1 transporter from
A. thaliana, which we show here to be most similar to the
SLC22 family, has been associated with the transporta-
tion of organic cations, with a preference for carbohy-
drates (Haydon and Cobbett 2007). This indicates that
the substrate preference for the SLC22 family has been
conserved over a long evolutionary time. In general, we
see that some individual families of the MFS transporter
group have a high degree of similarity, yet as a group, the
superfamily contains an enormous diversity of substrates
as well as high degree of sequence diversity, which has
previously been indicated (Law et al. 2008).

It has previously been shown that the SLC32, SLC36,
and SLC38 families are phylogenetically related (Sund-
berg et al. 2008) and are forming the foundation of
the b group. Here, we show that SLC7 and SLC12 also
belong to the b cluster (fig. 2). The b group shares func-

tional features as they are all postulated to have 11 TM
regions and they have relatively long N termini (Sund-
berg et al. 2008). The b group belongs to the APC clan.
This clan also contains a number of other nonmamma-
lian groups that have not been considered to belong to
SLCs. In total, nine human SLC families belong to the
APC clan (see fig. 1). The substrates of several APC mem-
bers have been carefully studied and the indication is
that these transporters are mainly amino acid transport-
ers. Some of these transporters have exceptionally broad
specificity, whereas others are restricted to just one or
a few amino acids or related compounds (Jack et al.
2000). Interestingly, most of the members of the b group
are amino acid transporters. However, the other SLC
families that belong to the APC clan, but are not mem-
bers of the b group, are not amino acid transporters as
SLC26 transports sulfate ions, whereas SLC4 transports
bicarbonates. The SLC families in the APC clan are very
well represented in A. thaliana with several members
from all the nine families except for the glucose-trans-
porting SLC5 family. As glucose is clearly taken up by
A. thaliana cells (Horemans et al. 2008), this function
is most likely mediated by proteins from other SLC
families.

In our previous work, we have shown that the third main
family is the c group. This groups belongs, according to
Pfam, to the CPA/AT clan, which stands for the monova-
lent CPA superfamily and the AT superfamily. This clan
contains ten families, three of these families have human
members (Na_H_Exchanger, SBF, and Mem_trans), and of
these, Na_H_Exchanger and SBF have known human SLCs
families, the SLC9 and SLC10, respectively. Both these c
group SLC families have 12 TM regions, one large fourth
extracellular loop and both the N and C termini toward
the cellular lumen but their substrates differ as SLC10 trans-
ports amino acids, whereas SLC9 transports hydrogen and
sodium ions. Moreover, both these families are well repre-
sented in vertebrate genomes and in A. thaliana, but we are
not aware of reports that specify what they transport in
species distantly related to human.

Our present study shows that some sequences do not
fulfill our criteria for classification into specific SLC fam-
ilies but clearly belong to the SLC superfamily. We inves-
tigated these unclassified sequences from eight genomes
more closely. Of these, 43 are found in H. sapiens, 39 are
found in D. melanogaster, and 67 are found in A. thali-
ana. Further analysis using pairwise sequence alignments
suggested that 24 of the 43 unclassified human sequen-
ces could be classified to specific SLC families. Of the re-
maining 19 sequences, 5 sequences are likely to belong to
the SLC22-related group SV2 (Jacobsson et al. 2007) and
4 are annotated sequences not previously classified as
SLCs (spinster homolog 1, spinster homolog 2, and P pro-
tein (melanocyte-specific transporter protein) and
transmembrane protein 104). The remaining ten are
other novel genes not yet annotated.

We also analyzed these unclassified proteins with blast-
clust to examine similarity to any previously existing SLC
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or other human RefSeq sequence. The search yielded two
clusters with 3 and 18 clusters with two sequences; all other
sequences did not cluster with any human RefSeq se-
quence. Of these clusters, 13 consist only mouse and hu-
man sequences, 6 consist solely A. thaliana sequences, and
1 consist only S. cerevisiae sequences. There are 290 pro-
teins in the eight species where we investigated the unclas-
sified sequences that do not cluster with any known
human RefSeq sequence or with any of the SLCs in this
study. About 30 genes are from the A. gambiae, 70 in
A. thaliana, 34 in C. elegans, 41 in D. melanogaster, 13 in
H. sapiens, 15 in M. musculus, 47 in S. cerevisiae, and 40
in S. pombe. This shows that there are many proteins sim-
ilar to SLC that are lineage- or species specific, which seem
to evolve rapidly, as there are neither paralogous nor or-
thologous sequences of these found in our data set. It is
also possible that some of these represent families that
were either lost on the evolutionary path leading to hu-
mans or they have appeared in only some lineages. This
is a limitation of the current analysis as some SLC families
might not exist in humans but are still present in other
eukaryotic species. However, the fact that we are unable
to group most of these unclassified sequences into clus-
ters suggests that majority of them are not members of
larger families that are lineages specific or families lost
in humans. These results suggest that beyond several
of the main families of SLCs that have very long evolu-
tionary history, there are also a large number of SLC genes
showing a high rate of divergent evolution. However, fur-
ther analysis is needed to classify and establish relation-
ships among these proteins. There are possibly proteins
that could be classified as new SLC families as functional
tests come along. An example of one such divergent
and more recently established family is the multidrug
and toxin-extrusion family, now termed SLC47 (Terada and
Inui 2008).

In conclusion, we have performed the first evolutionary
analysis of the human SLC families based on whole genome
sequences. Using sequence HMMs, we found that 26 of
the 46 SLC families belong to four evolutionary clusters,
whereas the others have no or low sequence similarity.
We also show that three of the SLC families are present
in all the eukaryotes we investigated. Ten other families
are missing in only one or two species, which is possibly
a result of lineage- or species-specific losses. Therefore,
we suggest that the ancestral eukaryotic repertoire of
the SLC families found in human could be represented
by these 13 families. It is also clear that SLCs were present
in the common ancestor of Eukaryotes, Eubacteria, and
Archaea. Overall, 59% of the human SLC families are found
in prokaryotes and 51% in Archaea, suggesting that the SLC
family have in general the richest evolutionary history
among the main families of membrane-bound proteins.
We also identify ten new human sequences not previously
classified as SLCs, which most likely belong to the SLC fam-
ily, and show that there are a high number of unclassified
SLC-like sequences in a number of other genomes. The
results are valuable for annotation and prediction of

substrates for the many SLCs that have not been tested
in experimental transport assays.

Supplementary Material
Supplementary data 1, figure S1, and table S1 are available
at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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